In this paper, a phase change material (PCM) fluid (N-eicosane) is compared with pure water as heat transfer fluid. The heat transfer behavior of PCM fluid under laminar flow conditions (Reynolds number of 700) in circular and rectangular microchannels was studied numerically. In the numerical study, an effective specific heat model was used to take into account the phase change process. Heat transfer results for circular and rectangular microchannels with PCM fluid were obtained under hydrodynamically and thermally fully developed conditions. A PCM fluid in microchannels with aspect ratios of 1 to 2, 1 to 4, and 1 to 8 was found to enhance the thermal behavior of microchannels which can be beneficial in a host of cooling applications. The flow was assumed to be hydrodynamically fully developed at the inlet and thermally developing inside the microchannel. Heat transfer characteristics of PCM slurry flow in microchannels have been studied under three types of wall boundary conditions including constant axial heat flux with constant peripheral temperature (H1), constant heat flux with variable peripheral temperature (H2), and constant wall temperature (T) boundary condition. The fully developed Nusselt number was found to be higher for H1 than for H2 and T boundary conditions for all the geometries. Moreover, Nusselt number also increased with aspect ratio and was sensitive to the variations in effective specific heat.
Introduction
PCM heat transfer fluids continue to capture the attention of researchers in industry and academia due to their unique thermal properties as novel coolants for a host of heat transfer applications. Such applications include electronics cooling and other relevant thermal management systems. Experiments have shown that PCM fluids exhibit an enhanced heat capacity due to the phase change material's latent heat of fusion upon melting. However, little is known how such fluids behave in different heat exchanger configurations under laminar flow conditions.
Heat transfer in microchannel flow has been an important area of research in the heat transfer community in the last decade. Modern electronics equipment requires large heat flux removal from small areas, and microchannels have been found to be effective in such applications. Many geometric configurations with different boundary conditions have been studied with single phase fluids [1] [2] [3] [4] [5] [6] [7] [8] . Also, PCM fluids have been studied in various configurations at the macroscale [9] [10] [11] [12] [13] [14] [15] . However, the use of PCM fluids in microchannels has not yet been studied thoroughly [16] [17] [18] .
Xing et al. [16, 17] did an extensive study and evaluated the performance of PCM fluid in circular microchannels. They modeled the particle flow separately from the mean flow using source terms in the momentum and energy equations. They also considered particle-particle interactions and particle-depletion layer effects near the wall. Sabbah et al. [18] performed a computational fluid dynamics (CFD) analysis of PCM fluid in microchannels with thick walls taking into account the conjugate nature of the heat transfer process. Results from the previous efforts on PCM fluids have been promising with the main advantage of achieving lower wall temperature than conventional single phase fluids under the same heat flux conditions.
Lee et al. [1] performed numerical and experimental testing of fluid flow in microchannels with width between 194 lm and 534 lm with water in the Reynolds number range between 300 and 3500. They showed good agreement between numerical and experimental results with an average difference of about 5%. Wei et al. [4] performed numerical and experimental study of stacked microchannels. They considered both counter flow and parallel flow arrangements to ensure temperature uniformity and lower temperatures. The results showed that the counter flow arrangement results in more even temperature distribution, whereas the parallel flow type results in lower temperatures. Stacked microchannels also resulted in a lower pressure drop.
Lee et al. [1] did an extensive study of fluid flow and heat transfer through rectangular microchannels with different aspect ratios, similar to the first step performed in the current study. They considered two boundary conditions (H1 and T) and came up with correlations for Nusselt number based on the channel aspect ratio. Their results were very helpful when taking into account H1 condition numerically. Their approach and results were used to validate the current approach for different microchannel aspect ratios considered in this PCM fluid case study.
Most of the studies in the area of PCM fluids have been limited to regular heat transfer section including circular pipes. Yamagishi et al. [10] studied the basic characteristics of microencapsulated PCM slurries as heat transfer fluids. They used slurry of water containing C 18 H 36 particles with a volume fraction of about 0.3 in their experiments. Their research revealed that the heat transfer coefficient increases while the phase change material undergoes phase change. Alvarado et al. [19] performed a series of heat transfer experiments with microencapsulated phase change material (MPCM) slurries using a circular heat transfer section under turbulent flow conditions. They measured heat transfer coefficient, latent heat of fusion, melting and freezing points, and viscosity of the MPCM slurries as heat transfer fluids. Their experimental results confirmed that MPCM slurries behave as Newtonian fluids for concentrations below 18.0%.
Chen et al. [11] performed experiments using a circular tube under constant heat flux with slurry containing water as carrier fluid and bromohexadecane as PCM. Their experiments showed that PCM slurries are a very promising alternative as heat transfer fluids compared to water. When the PCM slurry is used, they found that the average wall temperature decreased by 30% and the heat transfer enhancement was 40% compared to water. The pressure drop of the PCM fluid was found to be 67% lower than water. Their results were used to validate the phase change model used in the current study. Recently, Sabbah et al. [20] investigated the heat transfer characteristics of MPCM slurry flowing in a heated tube. Results indicate that MPCM can enhance the heat transfer coefficient by as much as 50% due to the latent heat of fusion of the phase change material.
One of the difficulties when numerically simulating MPCM slurries is the readiness and availability of reliable, effective, and computationally inexpensive numerical approaches that can account for tens and hundreds of thousands of almost neutrally buoyant PCM particles as small as 5 lm. Moreover, the specific gravity of PCM particles is usually in the range of 0.8-0.9, which makes numerical simulation even more daring and difficult. To undertake numerical simulation of PCM fluids in heat transfer sections, an effective specific heat model developed by Roy and Avanic [12] has been shown to account for the PCM melting process accurately. Their model takes into account the latent heat of fusion and specific heat of the PCM particles, as well as the carrier fluid properties in a simple mathematical model. Before their model was developed, most of the researchers simulated PCM flow by using complicated source terms into the energy equation. Roy and Avanic [12] compared several specific heat models, and came to the conclusion that accounting for the latent heat of fusion of each particle was not very important as long as the melting range of the phase change material in the model was chosen carefully. They simulated PCM slurry flow in a circular duct with constant wall temperature using a specific heat model, and found that the model predicts the heat transfer behavior reasonably well and accurately. The simple linear specific model was used in the current study to simulate PCM slurry flow in circular channel and microchannels with constant heat flux. They showed that the results using the specific heat model were very close to the experimental results.
There are several other studies on the heat transfer enhancement of fluids when PCMs are used. Chen et al. [11] experimentally investigated PCM fluid flow characteristics for various concentrations of PCM, ranging from 5% to 27.6%. However, there are very few publications in which PCM flow was studied in microchannels. Hao and Tao [17] developed a numerical model and did an extensive study on PCM slurry flow through circular microchannel under constant heat flux condition. Their results are significant because they solved the particle motion independently of the fluid motion using separate momentum equations. They also considered the effects of particle-depleted layer, particle-wall interaction, interparticle interaction along with solving separate mass, momentum, and energy equations. Sabbah et al. [18] considered threedimensional conjugate heat transfer through microchannels using PCM slurry. Their results showed that lower and more uniform wall temperatures could be obtained in the case of PCM slurry compared with water as heat transfer fluid.
More recently, Ravi et al. [9] numerically studied the performance of PCM slurry flow in finned tubes. They found that the specific heat model gave good results comparable with experimental results available in the literature. They presented the results using PCM fluid for different fin heights, and different boundary conditions (H1 and T). The study showed that PCM fluid significantly enhances heat transfer in finned tubes. Dammel and Stephan [21] studied the heat transfer behavior of MPCM slurries in a rectangular minichannels both experimentally and numerically. The study reveals that the effects of viscosity and thermal conductivity should also be considered in any thermal analysis of MPCM slurries.
A thorough literature review suggests that not much research has been done with PCM fluids in microchannels. However, at the macro scale, a good amount of data is available in the literature on PCM slurry performance as heat transfer fluid. Hence, this study is very important and complements the available literature on PCM fluid flow particularly in microchannels.
Specific Heat Model
Simulating the complete phase change process of phase change materials as particles is difficult with the currently available multiphase commercial software and models. Moreover, simulation schemes that account particle behavior besides the melting process are computationally expensive. Two types of effective modeling approaches were found in the literature. One uses a heat source term in the energy equation, while the other considers a specific heat model. While both methods are found to be effective, the use of the specific heat model is simpler and easier to implement into a computer code. The latter approach was used in the current simulation which was already found effective for similar applications [12] .
The model assumes that the phase change of PCM can be approximated accurately by changes in the specific heat of the bulk fluid within the melting temperature range of the phase change material. Ravi et al. [9] found that this model gives results that are comparable with experimental data. The effective specific heat model is simple and straight forward to implement in commercial software like FLUENT. The following equations were used to account for the effective specific heat:
where T 1 and T 2 are the temperatures at which the phase change process starts and ends, respectively. L h and c are the latent heat of fusion of the phase change material and phase change material concentration, respectively. The model was incorporated into FLUENT as a user defined function and allowed for variation in specific heat as a function of temperature at the local level. Even though Eqs. (1) and (2) are basically step functions, they have been proven to be effective when taking into account the heat transfer behavior of PCM fluid [9] .
Geometry and Mesh
Once the specific heat model was incorporated in the numerical scheme, PCM fluid through rectangular microchannels with aspect ratios of 1:2, 1:4, and 1:8 were simulated. The height of the microchannel was taken as 150 lm and the width was varied to get the desired aspect ratio. Except for the H1 condition (constant axial heat flux with constant peripheral temperature), the wall thickness of the microchannel was neglected and considered to have zero thickness.
Taking advantage of symmetry, only a quarter of the flow domain was simulated numerically as seen in Fig. 1(a) . Two adjacent sides were specified as no-slip walls, and the other two were specified as symmetric, having no heat flux or flow perpendicular to them as shown in Fig. 1 
(a).
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Transactions of the ASME GAMBIT (2.3) was used to create the geometry and mesh the domain. The geometry was meshed using hexahedral elements. The mesh consisted of finer elements near the wall to capture the large temperature gradients normal to flow direction. The mesh near the entrance region was also made finer to account for the entry length effects. Figure 1(b) shows the typical grid near the inlet of the microchannel. Three different grid resolutions, 10 Â 20 Â 100, 15 Â 30 Â 1000, and 15 Â 30 Â 1500 were used first to make sure a grid-independent solution could be found. The results for these grids are presented in Sec. 6.
Phase Change Material Fluid Properties
In the simulation study, water was taken as the carrier fluid with a PCM volume concentration of 15%. N-eicosane was selected as phase change material with properties listed in Table 1 . Water properties were assumed to be constant with temperature. The bulk fluid (water þ PCM) properties were calculated using the equations given below. The latent heat of PCM particles was assumed to be 230 kJ/kg [15] , and the volumetric concentration in the bulk fluid was 15%. The exact melting point of N-eicosane is 310 K. For the current work, the melting range of PCM (N-eicosane) was assumed to be 309-310 K for stability and convergence of the numerical solution.
Viscosity [12] :
Density [12] :
Thermal conductivity [12] :
It is important to highlight that the PCM fluid was modeled as a liquid all the time, with the properties of the PCM particles accounted for using Eqs. (1)-(5). This simplified the simulation process considerably since the fluid behavior of the PCM particles did not have to be taken into account. This assumption holds well for PCM particles as small as 5 lm [11, 12] .
Simulation Procedure
As a part of the simulation procedure, the flow at the inlet of the microchannel was hydrodynamically developed. All the simulations were performed assuming a Reynolds number of 700 unless otherwise specified. First, a simple case with no heat transfer was run, and the fully developed velocity profile was extracted at the outlet. The extracted flow velocity profile then was applied as inlet boundary condition (i.e., hydrodynamically developed velocity profile). Inlet temperature of the fluid was assumed to be constant (298 K).
H2 (constant heat flux with variable peripheral temperature) [22] and T (constant wall temperature) boundary conditions were specified at the wall. However, taking into account H1 boundary condition (constant axial heat flux with constant peripheral temperature) was more difficult to impose as this boundary condition is usually not directly available in most of the commercial CFD codes. Garimella and Lee [8] explained how this condition can be taken into account in FLUENT using a thin wall conduction model along with the shell conduction option applied at the wall boundary. The "thin wall" model (with shell conduction enabled) lets the heat applied at the outer boundary of the wall spread through the wall material in the direction normal to the flow. This redistribution of heat flux facilitates achieving uniform temperature along the periphery of the channel and hence the H1 boundary condition can be satisfied. Along with this boundary condition, a large value of thermal conductivity for the wall material (Al) was chosen to ensure the H1 condition. This kind of boundary condition, though not straight forward, was found to be in best agreement with experimental results under constant heat flux boundary conditions as observed by Garimella and Lee [8] .
5.1 Governing Equations and Solution Procedure. The governing equations for flow and heat transfer were solved using the commercial CFD solver FLUENT (6.3.26) . FLUENT uses the finite volume method to discretize the domain to solve convective heat transfer problems. The governing equations, continuity, momentum, and energy equations [23] solved by FLUENT 
The default under-relaxation factors of 0.3 for continuity, 0.7 for momentum (0.7), and 1.0 for energy were used to get the proper numerical solution. The residual limit for convergence was set as 10 À6 for all the equations. Initially, each solution was obtained with first-order discretization. Then, the first-order converged solution was taken as an initial guess to get a converged solution with second-order accuracy.
The Nusselt number and other parameters were based on the following equations [24] :
where D h is hydraulic diameter. The local heat transfer coefficient was found using the following equation:
where q 00 , T w , and T b are the average wall heat flux along the periphery, average wall temperature, and the mass weighted average of fluid temperature on the cross section at a particular axial location, respectively. The mass weighted average of fluid temperature (T b ) was found as follows:
Nondimensional distance was calculated using
where
with Re, Pr, and Z representing Reynolds number, Prandtl number, and the nondimensional axial distance, respectively. Equations for Prandtl number, Reynolds number, and friction factor (based on pressure drop) are provided below
Results and Discussion
First, a single phase fluid (water) was considered to ensure accurate numerical results. The fully developed Nusselt Number and pressure drop were compared with those available in the literature for validation of the different boundary conditions. Table 2 depicts the simulated and published pressure drop losses (i.e., f-Re) for different microchannel configurations. Tables 3-5 show Nusselt number values under T, H1, and H2 boundary conditions, respectively, for different microchannel configurations.
It can be clearly seen that the results match very well with the expected literature values. It should be noted that there is no difference between H1 and H2 boundary conditions for a circular microchannel or duct due to perfect symmetry. Also, it can be observed ( Table 5 ) that the Nusselt number for H2 boundary condition remains constant for various aspect ratios. This is because the 1:2 geometry or aspect ratio is the limiting case for the H2 boundary condition [25] [26] [27] , which can be found using Eq. (17) given below. From the equation, it can be found that the Nusselt number varies significantly for aspect ratios from 0.5 to 1.0, but for aspect ratios lower than 0.5, its value remains between 2.8 and 3.4. Nusselt number for H2 boundary condition can be found as follows [25] where a is the ratio of the cross section dimensions (height/ width). Three different grids of varying resolution were considered for PCM fluid simulation including 10 Â 20 Â 1000, 15 Â 30 Â 1000, and 15 Â 30 Â 1500. The overall solution varied within 2% for these three grids. Figures 2(a) and 2(b) show that the solutions for the three grids yield the same solution (all the curves overlap each other), so a 10 Â 20 Â 1000 grid was found to be sufficient to provide grid-independent results for single phase fluid and PCM fluid, respectively. Figure 2(b) shows the results of using three different grids when simulating heat transfer in a microchannel with PCM fluid flowing through it.
Once the formulated numerical scheme was validated using known results, the effect of using microchannels with different aspect ratio was evaluated using water only as the heat transfer fluid. Figure 3(a) shows how Nusselt varies with aspect ratio and axial distance in the case of a single phase fluid (water) under H1 boundary condition. Figure 3(b) shows similar results when H2 boundary condition is imposed. These results are consistent with previous data [24] and show the effect of aspect ratio on the compressed temperature gradient of the fluid which gives rise to higher Nusselt number values specifically under H1 boundary conditions. Under H2 boundary conditions, all the three cases reached the same value indicating that the temperature gradient within the fluid is sensitive to variations of peripheral surface temperature at each axial location. This also suggests that the thermal conductivity of the surface can play a critical role in convective heat transfer enhancement. Also, the nondimensional distance required to obtain fully developed flow is greater in the case of H2 boundary condition when compared to H1 boundary condition.
6.1 Results for PCM Fluid Flow. PCM fluid flow in circular microchannel was simulated under H2 boundary condition first and the results were compared with the experimental findings by Chen et al. [11] . Figure 4 shows the simulation results with experimental data. It is important to note that in case of a circular microchannel, there is no difference between H1 and H2 boundary conditions since the surface temperature does not vary along the periphery (at a fixed axial distance) due to perfect symmetry.
Chen et al. [11] calculated the bulk temperature of the PCM fluid across a cross section using a simple energy balance equation, and assuming that all the PCM melting process starts at a particular axial distance (independent of radial distance) and ends at a particular axial location. In the current work, this assumption was not necessary as the exact temperatures at each location on the cross section were found during the simulation process. Figure 4 shows that the numerical results can predict variations in Nusselt number with axial distance relatively well. The next step was to assess the effect of boundary conditions (i.e., H1, H2, and T) on the fluid temperature in the axial direction.
Fluid temperatures along the centerline in the flow direction are shown in Figs. 5(a)-5(c) for H1 boundary condition. The results clearly show the phase change process affects fluid temperature when compared to a single (bulk) fluid. During the melting process, the latent heat of fusion of PCM becomes available allowing for a significant reduction in the axial temperature gradient. By looking at Figs. 5(a)-5(c) , it is clear that aspect ratio has a significant effect when the melting process starts under H1 boundary conditions. On the other hand, Figs. 6(a)-6(c) show that H2 boundary conditions have a significant effect on the melting length or axial distance required for complete melting.
When T boundary condition is imposed, the temperature rise is no longer linear as seen in Figs. 7(a)-7(c) . This is because under constant temperature boundary condition, the wall heat flux decreases along the flow direction and eventually becomes zero as the fluid temperature equals that of wall (350 K). The temperature variation is clearly asymptotic as shown in Figs. 7(a)-7(c) for all aspect ratios. However, higher aspect ratio leads to a faster rise in axial temperature as depicted in the figures. Figures 8(a)-8(c) show the average fluid temperature variation along the length of the microchannel for PCM fluid under H1 boundary condition. The average fluid temperature at a specific cross section is the mass weighted average of temperature as given by Eq. (11) .
It can be seen from the figures that there is significant reduction in the fluid temperature when using PCM fluid compared to the bulk fluid (water). Moreover, higher aspect ratio leads to a faster melting process. Similar behavior for H2 boundary condition is Figs. 9(a)-9(c) . However, H2 boundary condition has a significant effect on the length of the melting process in terms of axial distance (Z þ ). In the case of H2 boundary condition, the peripheral surface temperature is not constant which induces a different temperature gradient within the fluid. Similar to the observations of centerline temperature, the average fluid temperature variation for the T boundary condition is different from that of H1 and H2 boundary conditions. The temperature variation is asymptotic as shown in Figs. 10(a)-10(c) .
Figures 11(a)-11(c) show Nusselt number for rectangular microchannels of three different aspect ratios using PCM fluid flow under H1 boundary condition. The dashed lines show the Nusselt number for the bulk (single phase) fluid (without phase change, constant specific heat), and the solid lines show the Nusselt number of the PCM fluid. The results show that higher aspect ratio leads to higher Nusselt number. It also accelerates the melting process significantly. During the phase change process, the Nusselt number increases drastically and then becomes smaller than for a single fluid until the melting process is complete. The variation in Nusselt number during the phase change process can be attributed to a significant variation in temperature gradient within the fluid which is intensified by increases in aspect ratio. Figures 12(a)-12(c) show Nusselt number for rectangular microchannels of three different aspect ratios using PCM fluid flow under H2 boundary condition. The dashed lines show the Nusselt number for bulk fluid (without phase change) and the solid lines show the Nusselt number of the PCM fluid. In this case, a higher aspect ratio leads to greater Nusselt number (like under H1 boundary conditions), but a delay on the onset of melting in terms of axial distance, unlike the behavior seen under H1 boundary conditions. As discussed above, H2 boundary condition has a unique effect on the temperature gradient within the fluid that leads to a different convective heat transfer behavior.
This can be understood by knowing how the wall temperature along the periphery varies under H2 boundary condition. Figure  13 shows variation of wall temperature under H2 boundary condition for 1:4 aspect ratio when using PCM fluid. Figure 13 shows temperature variation along only one quarter of the whole section of the wall since symmetry was used for simulation purposes. Position 1 in the figure shows temperature at the center of the longer edge, position 2 in the figure shows temperature at the corner of the wall, and position 3 shows temperature at the center of the shorter edge. Variation in surface temperature is expected to have a direct effect on the temperature gradient of the fluid. The same effect is not possible under H1 boundary condition since the peripheral temperature in constant at each axial location. Figures 14(a)-14(c) show the variation in Nusselt number along the flow direction under T boundary condition. In this case, the phase change process and the thermal boundary layer development take place simultaneously. It is difficult to separate the phase change process from the boundary layer development for such a boundary condition. It can be observed from the plots that the Nusselt number increases due to the phase change process in all cases.
For all the H1 and H2 boundary condition cases, the Nusselt number of the PCM fluid was found to reach a maximum first and then decreased until it reached a minimum. This behavior was also observed in PCM flow through finned tubes by Ravi et al. [9] . This can be explained by understanding the PCM melting process under both boundary conditions. The melting process of PCM starts at the wall and then slowly spreads through the cross section as shown in Fig. 15 . At the beginning, only the region near the wall experiences phase change and hence the temperature near the 15 Phase change process in a circular channel [25] wall remains constant, whereas the bulk fluid temperature keeps increasing. Due to this, the difference between the wall temperature and the bulk temperature decreases, increasing the heat transfer coefficient and hence increasing the Nusselt number.
At the end of phase change process, all the phase change occurs only at the center of the cross section. Hence, the bulk temperature remains constant (or slowly increases), whereas the wall temperature keeps increasing. Due to this, the difference between wall and bulk temperature increases, decreasing the heat transfer coefficient and thus decreasing the Nusselt number significantly.
Conclusions
A numerical study has been undertaken to understand the effect of microchannel aspect ratio and heat transfer fluid characteristics (single phase or PCM) on convective heat transfer. The following specific conclusions can be drawn from the study:
• The fully developed flow Nusselt number is higher for H1 boundary condition than for H2 or T boundary conditions for all aspect ratios considered in the study. This is attributed to the effect of peripheral surface temperature on the temperature gradient within the fluid.
• The Nusselt number was found to increase when using PCM fluid compared to a single phase fluid (water).
• The specific heat model predicts the heat transfer behavior accurately when compared with experimental results.
• The trend in Nusselt number during the phase change process was found to be same for both H1 and H2 boundary conditions.
• For H1 and H2 boundary conditions, Nusselt number was found to increase during the beginning of phase change process and dropped (lower than for the bulk) considerably as the phase change process was near completion.
• The axial distance required to obtain fully developed flow is much higher for H2 boundary condition compared to H1 boundary condition when taking into account the phase change process of the PCM fluid. This is attributed to the induced temperature gradient within the fluid under H1 boundary condition.
• When using PCM fluid, the difference between the peak value and fully developed values of Nusselt number is higher for H2 boundary condition than for H1 boundary condition.
The numerical simulations demonstrate that PCM fluid can indeed enhance the heat transfer performance of microchannels with different aspect ratios. PCM fluid tends to perform better under constant heat flux condition than under constant wall temperature. Moreover, it is clear that the type of boundary condition has a significant effect on convective heat transfer behavior than the microchannel's aspect ratio. This suggests that microchannel material selection is important since low and thermal conductivity materials can be used to impose either a H1 or H2 boundary conditions under constant heat flux. 
Subscripts f ¼ property of the carrier fluid p ¼ property of the PCM particle (N-eicosane) b ¼ property of the bulk fluid (PCM þ water)
